While most of the world has enjoyed exponential economic growth, more than one-sixth of the world is today roughly as poor as their ancestors were many generations ago. Widely accepted general explanations for the persistence of such poverty have been elusive and are needed by the international development community. Building on a well-established model of human infectious diseases, we show how formally integrating simple economic and disease ecology models can naturally give rise to poverty traps, where initial economic and epidemiological conditions determine the long-term trajectory of the health and economic development of a society. This poverty trap may therefore be broken by improving health conditions of the population. More generally, we demonstrate that simple human ecological models can help explain broad patterns of modern economic organization.
INTRODUCTION
Over a billion people live in extreme poverty, defined as subsisting on less than 1 US dollar (USD) per day (UN Millennium Project 2005) , and are roughly as poor today as their ancestors were thousands of years ago. There is extensive debate in both the scholarly and the popular literature over the potential causes of such poverty, which range from the relative roles of government, social institutions and infrastructure to the importance of biophysical factors broadly related to geography (Easterly & Levine 1997; Sachs 2005; Collier 2007b ). An increasingly accepted explanation focuses on 'poverty traps', formed by the interaction between changes in per capita income over time and other economic variables, threshold levels of which are necessary for economic growth (Bowles et al. 2007) . The most commonly considered threshold variable in the economics literature is household savings, but other (not necessarily inconsistent) predictors have been mooted, such as conflict (Collier et al. 2003) , environmental degradation (Dasgupta et al. 2005) and infectious diseases (Gallup & Sachs 2001; Bloom et al. 2003) .
In contrast to more conventional economic explanations of the persistence of poverty, the concept of a disease-driven poverty trap is especially provocative and potentially important because of the degree to which infectious diseases represent complex ecological agents. This implies that large-scale economic processes are coupled to nonlinear, potentially erratic biological phenomena. Indeed, infectious diseases are not only the leading killers of the poor (World Health Organization 2004) , but have been argued to be the dominant predators of humans throughout history and thus have constituted an important selective force on human evolution (Black 1975; Cooke & Hill 2001) . As is the case for many ecological systems, a preponderance of theory and evidence have shown that the dynamics of infectious diseases are typically nonlinear and have had significant and systematic impacts on the population dynamics of their hosts in the natural world as well as in laboratory settings (Hudson et al. 1990; Rohani et al. 2003) . It is the recognition that infectious diseases may additionally influence economic development that makes the disease-driven poverty trap concept especially intriguing.
The intellectual basis for the disease-driven poverty trap stems from two substantial bodies of empirical fact. First, extreme poverty is indeed suffered disproportionately in areas where infectious diseases thrive. That poverty leads to an increased risk of disease is common sense and is well established in the epidemiology literature (World Health Organization 1998 Farmer 2001; JongWook 2003) . Second, there is a significant empirical literature on the effects of health on poverty (Strauss & Thomas 1998; Bloom & Canning 2000; World Health Organization 2001; Gallup & Sachs 2001; Sachs & Malaney 2002) . Economic activity requires human resources-specifically, human capital-and therefore relies on basic biological processes for physical and cognitive development, which are compromised by infection (Nokes et al. 1992; Holding & Snow 2001; Glewwe 2002; Ezeamama et al. 2005; Fernando et al. 2006) . So, while humans rely on their own resources for economic activity, they also provide direct biological resources to pathogens for their survival and transmission (Anderson & May 1992; Frank 1996) . As the leading killers of the poor, and the cause of mortality of two-thirds of sub-Saharan Africans, this theory posits that infectious diseases may constitute fundamental barriers to economic development (World Health Organization 2004) .
The combined causal effects of health on poverty and poverty on health implies a positive feedback system. Despite the importance of understanding such critical and systematic ecological interactions between humans and their most important natural enemies, and the anecdotal evidence that such poverty traps may indeed exist, we lack mechanistic frameworks of poverty traps that are rooted in the dynamics of disease. Here, we propose such a model. We find that a prototypical host-pathogen system, coupled with simple economic models, induces a poverty trap. More broadly, this model serves to illustrate how feedbacks between people and their environment can potentially give rise to major differences in human survival and economic welfare (Diamond 1997) .
OUR THEORY
The most significant economic impact on the poor comes through the cumulative detrimental health effects of infectious and parasitic diseases (World Health Organization 2001) . Some pathogens (such as HIV/ AIDS, TB, malaria, measles, pertussis and diarrhoeal diseases) have obvious, dramatic and high-profile effects on human capital, manifested via substantial morbidity and disease-induced mortality. Others (including macroparasites, such as parasitic worms) are chronic infections often with little outward sign of disease and yet are known to significantly impact nutrition and impair cognitive development (Nokes et al. 1992; Anderson & May 1992) . Instead of attempting to explicitly incorporate the impact of possible infection with this diverse variety of pathogens, we illustrate our underlying concept using a general one-disease SIS (susceptible -infectedsusceptible) model, where individuals can be serially reinfected over the course of their lifetime. This model is meant to serve as the simplest general way of representing the kind of repeated threats of infection faced by poor tropical communities. More specifically, the general model also resembles a typical malaria system (Gandon et al. 2001) , which has high prevalence rates among the poor and has been especially implicated in hindering economic growth (Gallup & Sachs 2001) .
The general SIS model is
where S and Ĩ represent the number of susceptible and infected individuals, respectively, and Ñ represents the total population size. The parameters a, m and g are respectively the rates of birth, natural death (i.e. in the absence of disease) and recovery. The transmission rate is b. The parameter n is the additional death rate caused by disease. From equations (2.1) and (2.2), we can derive the equilibrium disease prevalence, I*, as a proportion of the total population, I ¼ Ĩ/Ñ (for details, see electronic supplementary material):
To explore the implications of interactions between disease prevalence and income, we use the following method. First, we identify the parameters of the epidemiological model (equation (2.3)) that are functions of income, and then identify the corresponding equation for the equilibrium disease prevalence, I*(M). We define a simple model of income as a function of the disease prevalence, M*(I) separately. The consequences of these seemingly complex interactions are found by solving for income and disease prevalence simultaneously, M*(I*) and I*(M*).
(a) Disease prevalence as a function of income In the standard epidemiological model, the natural death rate (m), the recovery rate (g) and the transmission rate (b) are fixed parameters (Anderson & May 1992; Keeling & Rohani 2007) . In reality, these parameters vary with host nutrition, hygiene and healthy living conditions, which in turn vary with economic wealth (GamageMendis et al. 1991; Wolday et al. 1995; Shankar 2000) . To capture these basic interactions between economics and disease ecology we consider a model where m, g and b are functions of per capita income, which in turn is determined by individual health. We maintain the conventional assumption from the evolution of virulence literature that pathogen virulence, n, is determined by the pathogen (Bremmermann & Pickering 1983; Frank 1996; Day 2001; Bonds et al. 2005; Delfino & Simmons 2005) .
There is a range of functional forms for m, g and b that could be used here. Our priority is that these functions are simple and that they depict reasonable qualitative relationships between income and the relevant epidemiological parameters that can broadly explain how poverty results in greater disease burden. Hence, the functions for natural death and recovery rates that we use are where h is a metric of nutrition and is determined by income M. The parameter m is the minimum death rate for a completely nourished individual, and @ and t are exogenous parameters. Equations (2.4) and (2.5) are examples of simple functions that correspond to a system where the death rate falls and the recovery rate rises as levels of nutrition rise. To model nutrition as a function of income, we use a classic saturation function
where h is the maximum level of nutrition attainable with unlimited income. Equation (2.6) is a simple way of depicting a system where nutrition levels asymptotically approach a maximum as income rises. This general functional form is used commonly in biological sciences to represent the process of organisms absorbing nutrients (Eppley et al. 1969 ).
The k is referred to as the half-saturation constant, which in this case represents the level of income necessary for an individual to be 'half-nourished' (i.e. where nutrition, h, is half of its maximum, h).
As mentioned above, the transmission rate, b, is also in part determined by income via access to transmission interventions (such as clothes, bed nets, screens and glass windows, housing conditions, etc.) as well as nutrition. For simplicity we assume a saturating effect of income on the transmission rate,
where b represents the maximum transmission rate, which would be determined by factors outside the influence of human behaviour, and f is the amount of income necessary to reduce the transmission rate by half. In contrast with the standard model, equations (2.4) -(2.7) capture the effects of improved nutritional and living conditions in lowering death rates, increasing recovery rates from infection and reducing disease transmission. Combining equations (2.4)-(2.7) with equation (2.3) yields the equilibrium disease prevalence as a function of income, (b) Income as a function of disease prevalence Because infectious diseases impede children from acquiring human capital and adults from providing labour, the income necessary to protect individuals from diseases are themselves determined by disease prevalence (Nokes et al. 1992; Holding & Snow 2001; Ezeamama et al. 2005; Fernando et al. 2006; Bonds & Rohani in press ).
For simplicity, we model per capita income as proportional to the total time an individual spends uninfected, p S :
MðIÞ ¼ dp S ; ð2:9Þ
where d is an exogenous parameter that determines the rate at which individuals produce income per unit time healthy (i.e. susceptible). The time spent susceptible, p S , can be represented as a Markov chain with a finite solution (see electronic supplementary material). Per capita income, M, can be expressed as 
ð2:10Þ
Note that among the determinants of per capita income represented in equation (2.10) are the disease transmission rate, b(M), the host recovery rate, g(M), and the natural death rate, m(M), which are themselves determined by income (equations (2.4) -(2.7)). To identify the equilibrium income as a function of only exogenous parameters and the disease prevalence, we solve equation (2.10) simultaneously for M, which yields an income function, M*(I). Note that the equilibrium M*(I ) that we are referring to here is an equilibrium level of income determined by the feedback between income and transmission, income and recovery, and income and natural death. The equilibrium income as a function of the disease prevalence, M*(I ), is too cumbersome to present here but is illustrated in figures 1 and 2.
3. THE POVERTY TRAP Because higher income affords some level of protection against infectious diseases, via nutrition and better sanitary conditions, disease prevalence, I*(M), in our model falls as income rises. However, because human health is required for economic productivity, per capita income, M*(I), falls as disease prevalence rises. To understand the implications of these feedbacks we overlay these functions in figures 1 and 2. The I*(M) curve represents disease prevalence as a function of income and the M*(I) curve represents income as a function of disease prevalence. The ultimate outcome of these interactions is where income and disease are simultaneously in equilibrium, which can be found where the curves intersect. These equilibria can also be found analytically by solving the equations for M*(I) and I*(M) simultaneously.
Figure 1 depicts a case where the feedbacks between income and the ecology of infectious diseases results in three equilibria, two of which are stable-(I*(M * 1 ), M*(I * 1 )) and (I*(M * 3 ), M*(I * 3 ))-and one unstable, (I*(M * 2 ), M*(I * 2 )). The basin of attraction around the third (stable) equilibrium, where disease prevalence is highest and income is lowest, is a poverty trap. 
The defining feature of the poverty trap as a useful theoretical concept is the presence of the unstable equilibrium that implies important threshold effects. As we can see from figure 1, whether an equilibrium is stable or unstable depends on the relative effects of income and disease on each other (i.e. the relative slopes of the curves). Specifically, the unstable equilibrium is characterized by the product of the slopes of the two curves being greater than one; i.e. If, for example, the slope of the income curve, M(I), was equal to 1 at equilibrium, then the stability of the equilibrium would require that the slope of the disease curve, I(M ), be less than 1. If the slope of the income curve were instead greater than 1, then an increase in income by one unit would result in a decrease in disease prevalence by more than one unit, which would lead to a subsequent increase in income, creating a positive feedback between health and economic development.
In figure 1 we can see that multiple equilibria occur as a result of the nonlinearity of the income curve, M*(I ). This is because of a combination of direct and indirect mechanisms by which greater disease prevalence results in greater time spent infected (and therefore lower income). The direct mechanism is simply an increase in the effective amount of contact between infected and uninfected individuals as disease prevalence rises. Indirectly, the higher disease prevalence also causes an increase in the transmission rate (which is a function of income) and a decrease in the recovery rate. Thus, the synergistic effects of higher disease prevalence on greater transmission and lower recovery results in an initial rapid decrease in income as disease prevalence rises. However, because the income curve is ultimately bounded at 0, as disease prevalence approaches 1, income approaches 0.
Whether the outcome of these feedbacks results in a population being stuck in a poverty trap depends on the initial conditions. If the initial per capita income is less than M*(I * 2 ) and the disease prevalence is greater than I*(M * 2 ), then the economy will shrink and the public health will diminish until they reach the poverty trap equilibrium, (I*(M* 3 ), M*(I * 3 )). For a society to break free from this poverty trap, initial levels of economic productivity and public health must move beyond the threshold of (I*(M * 2 ), M*(I * 2 )). Theoretically, this can occur through two mechanisms: (i) direct changes in the state variables of income or disease; or (ii) changes in the parameters of the system, such as changes in the labour productivity term, d, which would correspond to investments in education or infrastructure.
This direct effect assumes that the parameters of the trap are constant and suggests that if, for example, health interventions such as bed nets or vaccine coverage were substantial and widespread enough to sustain a prevalence of infectious diseases below the threshold level, I*(M* 2 ), then the trap could be broken and economic development would follow. Alternatively, it is possible to close the trap itself by affecting the economic parameters. For example, increases in labour productivity through education or higher levels of physical capital (e.g. through investments in infrastructure) could lead to a higher conversion rate of healthy labour to income and would be represented by an increase in d in equation (2.10), corresponding to an upward shift of the M*(I) curve (figure 2a).
In figure 2a , labour productivity is sufficiently high that the threshold disease prevalence, I*(M * 2 ), is 1 (i.e. there is no poverty trap), and all points in the variable space lead to a high stable equilibrium level of income and public health. Alternatively, if the labour productivity term, d, were low enough, the opposite could be true: the threshold disease prevalence could be 0, and all initial conditions would fall within the trap, as depicted in figure 2b . simply the value of the unstable equilibrium at each combination of b and d. Notice that, for every value of b presented, there is a range of values of d for which the disease threshold, I*(M* 2 ), is 0 (i.e. the whole economy is a poverty trap), 1 (i.e. there is no poverty trap) and between 0 and 1 (i.e. the initial conditions determine the long-term outcome of the population).
In such a model, with different mechanisms of feedbacks, it is difficult to make broad generalizations on how the functional forms of the different disease parameters affect the outcomes of this model (an analysis of many different models is beyond the scope of this article). It is easy to imagine a large range of ways in which the curves could theoretically intersect, with three of the possible outcomes represented in figures 1 and 2. The most important property of this system is that the curves slope in the same direction (i.e. that income lowers the disease prevalence and the disease prevalence lowers income), which would result from any reasonable functional relationship between income and the epidemiological parameters. This phenomenon alone implies important indirect consequences of health interventions. Whether the curves intersect in such a way as to generate qualitatively different outcomes of the model that depend on the initial conditions depends on the sensitivity of income and disease to each other (i.e. the relative slopes of the curves). The more sensitive the system is, the more likely there exists an unstable equilibrium. Such sensitivity would depend on the number of channels for positive feedback and the effects of those channels on the slopes of each of the curves. For the I(M ) curve, the channels we consider here are recovery, transmission and the natural death rate, but other potential mechanisms exist as well. For the M(I ) curve, we considered a simple direct relationship between healthy labour supply and income, but one could also explicitly model other feedback mechanisms, such as through human capital accumulation, fertility and death.
(a) Implications for the basic reproductive number, R 0 One of the most informative parameters of any epidemiological model is its basic reproductive ratio, R 0 , which is equal to the number of secondary infections that result from a single infectious individual in a totally susceptible population. The ultimate objective of many diseasecontrol strategies is to reduce the disease reproductive ratio to a value of less than 1, which would result in eradication. Many of the most dangerous diseases in resource-poor countries-such as malaria, hookworm, TB, polio and measles, among others-have, in fact, been virtually eliminated in wealthy countries by a suite of direct and indirect interventions that have reduced R 0 to less than one.
The basic reproductive number that corresponds to equations (2.1) and (2.2) and accounts for income effects is:
where M* here represents the maximum income attainable in the absence of disease, and is equal to M* ¼ (dh 2 @k)/ (ūh þ @). This basic reproductive ratio is therefore always lower than estimates of R 0 that do not take into account the effect of economic feedbacks.
EMPIRICAL PATTERNS
In the theoretical section above, we presented a system to explore the implications of feedbacks between income and the effects of infectious diseases. We showed that in our model, the consequences of cumulative infections have the potential to keep a population in a poverty trap. A direct empirical test of such a poverty trap would require high-resolution data at the household or, better still, the individual level to estimate the parameters of the system, or a way to inductively identify the existence of multiple equilibria with macro-level data. Unfortunately, given the absence of appropriate data, both approaches present formidable challenges for making an empirical test of our theory. Instead, we aim for a more accessible goal of determining plausibility: are the available population-level data consistent with the theoretical predictions above? Given data limitations, we consider these trends across countries. Figure 4a presents the per capita income and the total infectious disease burden measured by disability adjusted life years (DALYs; Murray & Lopez 1996; Lopez et al. 2006) , for all the countries in the world. From a simple glance at the data, one can easily see that the correlation between income and infectious diseases is strongly negative and highly nonlinear, which could be considered suggestive of the positive feedback described above.
We cannot directly observe an unstable equilibrium or empirically estimate the complete nonlinear functions for income, M(I ), or disease burden, I(M ), that would together generate an unstable equilibrium. Instead, we explore the empirical plausibility of this model by Infectious diseases form poverty trap M. H. Bonds et al. 1189 estimating linear approximations of these nonlinear equations around their observable stable equilibria. Specifically, at each stable equilibrium we estimate the impact of health on income and income on health via two-stage least squares (2SLS). 2SLS is a common technique used in econometrics to measure causal relationships between endogenous variables that simultaneously influence each other (Wooldridge 2002) . The key feature of this method is the presence of instrumental variables (IVs), which occur in the structural specification of one of the two endogenous variables of interest, but not that of the other. The use of IVs therefore allows one to identify the effects of the one endogenous variable from the other (for more details, see the electronic supplementary material). Accordingly, we estimate the linear approximations
and
for 'developed countries' (DCs; CIA 2008), which are candidates for being in a stable equilibrium of high income and low disease, and separately for 'least developed countries' (LDCs; UN Office of the High Representative for the Least Developed Countries 2008), which are candidates for being trapped in a different stable equilibrium, one of poverty and disease (note that countries that are neither LDCs or DCs are likely to be in transition, and so, belonging to neither equilibrium, are used in neither estimation). M i represents the natural log of the per capita income for country i, while I i represents the natural log of the per capita DALYs from all infectious diseases. The IV for disease, I i,row , is a weighted average of the disease burden of the 'rest of the world' from the perspective of country i, where the weight of the average DALYs of each other country decreases with distance from country i. I i,row serves as a useful instrumental variable for I i because infectious diseases are often spatially correlated, but the impact of the disease burden in country i on the 'rest of the world' is much smaller than the impact of the 'rest of the world' on country i (Grenfell et al. 2001) . The variable E represents the natural log of the value of total energy production, L is a dummy variable for landlocked countries and F is an index of ethnolinguistic fractionalization, with all three serving as instrumental variables for income. T i , the average temperature, and R i , the total annual rainfall, are climate variables that are expected to impact both the disease burden and economic productivity. For more details, see electronic supplementary material. As presented in table 1, the coefficient estimates are all negative, supporting the hypothesis that the disease burden lowers per capita income, whereas poverty is an underlying cause of disease. The product of these coefficients is less than one in both sets of estimations, implying that both equilibria are stable.
An illustration of the estimates of the infectious disease and income functions for the average DC, M DC (I) and I DC (M ), and the average LDC, M LDC (I ) and I LDC (M ), are found in figure 4b . If we consider the LDC and DC equilibria to be part of a single continuous system, there must be an unstable equilibrium in-between. A hypothetical representation of the unstable equilibrium is found at the intersection of the dotted lines. The basin of attraction around the poor equilibrium would be the poverty trap. While all countries are naturally subject to different economic and epidemiological parameters and therefore can only be considered to be broadly subject to the same general forces, this evidence suggests that the data are at least consistent with the theoretical concepts presented above. 
DISCUSSION
Underlying the recent broad upsurge of interest in global health and economic development is an important overriding question: why do people from some parts of the world enjoy continued exponential economic growth, while others, such as those in sub-Saharan Africa, suffer from the kind of extreme poverty their ancestors suffered many generations ago? Proposed explanations for such divergent economic trajectories have focused on a number of ways in which per capita income feeds back on other economically important variables, such as conflict, political institutions, land degradation, fertility and, notably, infectious diseases (Dasgupta & Ray 1987; Deaton 2003; Collier 2007a) . The literature on the interactions between income and disease tends to be unidirectional and to focus on either the effects of (i) income on health or (ii) health on income. In reality, the evidence suggests that both of the effects are important, if to different degrees. Our model here demonstrates that the feedbacks between income and disease have the potential to generate divergent trajectories of health and economic development that are dependent on the initial conditions. What may be most important in these debates is therefore not whether the effect of health on poverty is more significant than that of poverty on health, but whether the combined effect is powerful enough to generate self-perpetuating patterns of development or the persistence of poverty. If, for example, the effect of health on income is small, then the existence of a poverty trap would require that the effect of income on health be relatively large at one equilibrium point. This basic model suggests an important line of enquiry for those interested in socioeconomic relationships with infectious diseases. Instead of focusing on general relationships between health and income, it may be especially valuable to identify levels of income above which the burden of disease drops significantly. Such an outcome would imply that even small effects of health on income could result in significant long-term benefits of policy interventions that lower the burden of disease. What are needed are data on the nature of these feedbacks, as well as explicit models that can inform our understanding of these processes, and thereby the analysis of such data.
While we hope that our model framework can serve as a useful point of departure for exploring more complex relationships, the theoretical analysis we present here has significant implications: simply coupling economics with a well-established model of the ecology of infectious diseases can imply radically different levels of health and economic welfare (i.e. poverty traps) depending on initial conditions. The practical implications are also significant. Because the world's leading killers of the poor-malaria, HIV/AIDS, tuberculosis, diarrhoea and respiratory infections-are highly preventable and treatable, current global efforts to improve public health in areas of extreme poverty could theoretically pay long-term economic dividends. Furthermore, this analysis underscores that there are dramatic implications if economic activity is coupled with ecological processes that are well-known to behave in nonlinear ways. 
